To characterize the frequency and pattern of diffusionweighted imaging (DWI) abnormalities detected as part of brain magnetic resonance imaging (MRI) and their association with short-term neurologic outcomes in patients successfully resuscitated after cardiopulmonary arrest (CPA). (IQR, (11) (12) (13) (14) (15) (16) (17) (18) (19) , and median code-to-scan time was 72 hours (IQR, 28-229 hours). A DWI abnormality was noted in 9 (50%) of 18 patients. Cortical areas (global and regional) were the most common sites of restricted diffusion. Diffusion-weighted imaging abnormalities were present in 7 (70%) of 10 patients with a poor neurologic outcome at discharge.
OBJECTIVE:
To characterize the frequency and pattern of diffusionweighted imaging (DWI) abnormalities detected as part of brain magnetic resonance imaging (MRI) and their association with short-term neurologic outcomes in patients successfully resuscitated after cardiopulmonary arrest (CPA).
PATIENTS AND METHODS:
We retrospectively analyzed a case series of patients who experienced CPA between May 1, 2000, and April 29, 2004 , at St Luke's Hospital in Jacksonville, Fla. Eligible patients required treatment by the Code Blue team and had 1 DWI study before discharge or death. Two neuroradiologists jointly classified DWI abnormalities by anatomic location. Outcome was measured by Cerebral Performance Category score.
RESULTS:
Resuscitation was performed 628 times during the 48-month study period. Of 514 CPA survivors, 18 (3.5%) had MRI studies. The median age was 62 years (interquartile range [IQR] , 49-73), and 10 were men. Median code duration was 16 minutes (IQR, 11-19 minutes), and median code-to-scan time was 72 hours (IQR, 28-229 hours). A DWI abnormality was noted in 9 (50%) of 18 patients. Cortical areas (global and regional) were the most common sites of restricted diffusion. Diffusion-weighted imaging abnormalities were present in 7 (70%) of 10 patients with a poor neurologic outcome at discharge.
CONCLUSION:
Magnetic resonance imaging is performed rarely after survival of CPA. In this study with limited sample size, a greater proportion of patients with normal DWI findings had a good neurologic outcome at the time of hospital discharge vs those with abnormal findings. Prospective studies of early and serial MRI (with DWI) are needed to confirm this association and to clarify the prognostic usefulness of such studies.
Mayo Clin Proc. 2007;82(7):828-835 b value = diffusion gradient strength; CPA = cardiopulmonary arrest; CPC = Cerebral Performance Category; DWI = diffusion-weighted imaging; FA = flip angle; GCS = Glasgow Coma Scale; IQR = interquartile range; MRI = magnetic resonance imaging; TE = echo time; TR = repetition time E ach year an estimated 400,000 to 460,000 persons in the United States die of heart disease in an emergency department or before reaching a hospital. 1 Most are sudden deaths due to cardiopulmonary arrest (CPA). 1 Immediate survival after CPA depends on early cardiac defibrillation, ventilatory support, and effective chest compressions. 2 Survival rates for out-of-hospital CPA range from 4% to 33% 3, 4 and from 0% to 43% for in-hospital CPA. 5, 6 As efforts are realized to broaden resuscitation practice and to improve effectiveness, the rate of survival after arrest is expected to increase.
In most instances, the primary concern after resuscitation and cardiopulmonary stabilization is hypoxic-ischemic brain injury. Neurologists may be asked to assess the degree of neurologic injury or to estimate the probability and timing of recovery. Early studies focused on clinical findings as predictors of outcome in comatose survivors of cardiac arrest. Absence of the pupillary light response on an initial examination 7 or absence of a motor response to pain 8 correlated with severe disability or death. Other clinical phenomena such as myoclonic status epilepticus portend poor outcomes. 9 Commonly used sedative and paralytic agents may make the interpretation of these clinical signs difficult or impossible during the period after resuscitation. Neuroimaging techniques may help overcome this problem in the early period after CPA, when treating physicians and family members want information.
An early magnetic resonance imaging (MRI) study of survivors of out-of-hospital ventricular fibrillation arrest failed to show predictive value for functional outcome at 1 year. 10 The use of low-field-strength scanners (0.02 Tesla) and selected sequences (T2-weighted imaging) likely limited the potential usefulness of MRI in that study. Because of the greater sensitivity of diffusion-weighted imaging (DWI) in detection of ischemic tissue injury, 11, 12 DWI is likely to prove more useful in the detection of global hypoxic-ischemic brain injury after CPA. Compared with traditional MRI sequences, DWI has shown earlier and more extensive abnormalities after global anoxia. 13 Other authors have found various MRI abnormalities after CPA.
14-18 These reports suggested the potential usefulness of MRI in this setting; however, the frequency of the use of brain MRI as a prognostic tool after CPA is unknown.
Our study objectives were as follows: (1) to investigate the frequency of cranial MRI use after CPA, (2) the frequency and pattern of brain DWI abnormalities in patients successfully resuscitated after CPA, (3) to identify specific patterns of DWI abnormality that may predict neurologic outcome, and (4) to identify resuscitation and clinical variables associated with DWI abnormality.
PATIENTS AND METHODS
Our study consisted of a retrospective case series of patients who were resuscitated successfully after CPA Patients who required emergent medical attention by the Code Blue team had either (1) loss of spontaneous circulation that required chest compressions or defibrillation or (2) respiratory arrest that required emergent assisted ventilation with a bag-mask or bag-endotracheal tube. In some cases, acute respiratory failure led to cardiac decompensation and loss of a perfusing cardiac rhythm. The presence of either or both of the aforementioned conditions was defined as cardiopulmonary arrest for purposes of this study. The CPA may have occurred in-hospital or out-of-hospital. When CPA occurred out-of-hospital, the Code Blue team continued resuscitation efforts initiated by field paramedics.
Patients were included in the study if resuscitation efforts resulted in clinical stabilization (ie, return of spontaneous circulation or airway stabilization) and brain MRI with DWI sequences was performed before final disposition (in-hospital death or hospital discharge). Patients were excluded if MRI was performed after hospital discharge for an unrelated indication. The Mayo Foundation Institutional Review Board approved this study.
CLINICAL CHARACTERISTICS
A neurologist investigator (K.M.B.) abstracted demographic information, comorbid conditions, and resuscitation and imaging variables of interest from the electronic and paper medical records. Resuscitation variables were selected in accordance with recommended guidelines. 19 Standardized resuscitation worksheets completed at the time of treatment were reviewed to determine the initial cardiac rhythm (ventricular fibrillation or pulseless ventricular tachycardia, asystole, pulseless electrical activity, bradycardia, or normal perfusing rhythm) and interventions performed (defibrillation, pacing, endotracheal intubation, or administration of medications or a combination of these). The in-hospital location of CPA (ie, intensive care unit or general ward) and immediate precipitating cause (arrhythmia, myocardial ischemia or infarction, hypotension, respiratory depression, metabolic disturbance, or other) were recorded. The presence of apnea, pulselessness, or unconsciousness (or a combination) at the time of initial assessment was documented. Duration of resuscitation was defined as the time from the initiation of resuscitative efforts to restoration of spontaneous circulation or clinical stabilization. Code-to-scan time was defined as the interval between the initiation of resuscitative measures and completion of MRI.
Component scores of the Glasgow Coma Scale (GCS) were abstracted from the first comprehensive neurologic examination documented after CPA. The GCS ranges from 3 to 15 points and assesses best eye opening, best verbal response, and best motor response to voice or noxious stimuli 20 -the lower the score, the greater the severity of neurologic deficit. The presence or absence of the pupillary light reflex, myoclonus, and seizures was noted from the same neurologic assessment.
The primary outcome was neurologic status at the time of final disposition as assessed by the Glasgow-Pittsburgh Cerebral Performance Category (CPC) score. 8 The CPC is a 5-point scale in which 1 = good cerebral performance, 2 = moderate cerebral disability, 3 = severe cerebral disability, 4 = coma/vegetative state, and 5 = death. The CPC score was determined in all cases by 2 independent neurologist reviewers (K.M.B., W.D.F.). In instances of disagreement, a consensus was reached after jointly rereviewing the medical record. Disposition (independent living, inpatient rehabilitation, skilled nursing facility, or hospice) was recorded as a secondary outcome. Two neuroradiologists (S.M.W., D.F.B.), with 17 and 13 years of experience, jointly evaluated each post-CPA brain MRI study without knowledge of patient outcome. Consensus was reached about the presence or absence of DWI abnormalities in 4 anatomic regions: cerebral cortex, thalamus-basal ganglia, cerebral white matter, and cerebellar hemispheres. A DWI abnormality was determined after review of the b1000 images in conjunction with the apparent diffusion coefficient map. This map was used to increase the detection sensitivity of a DWI abnormality and to minimize misinterpretation of T2 "shine-through." Each anatomic region was assigned 1 of 3 possible scores: 0 = normal, 1 = probable abnormality, and 2 = definite abnormality. Probable abnormality was assigned to regions of b1000 abnormality that were either less intense than adjacent regions of definite abnormality (1 case) or not confidently abnormal (1 case).
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STATISTICAL ANALYSES
Continuous measures were summarized with the sample median and interquartile range (IQR). Categorical measures were summarized with absolute number and percentage. The Wilcoxon rank sum test and Fisher exact test were used to compare characteristics and outcomes according to DWI abnormality and CPC score for continuous and categorical variables, respectively. The CPC categories were dichotomized with a score of 1 to 2 defined as a good neurologic outcome and 3 to 5 as a poor neurologic outcome. 8 Statistical significance was determined at the 5% level.
RESULTS
Between May 1, 2000, and April 29, 2004 , the Code Blue team performed resuscitation on 628 patients. Return of spontaneous circulation and clinical stabilization were achieved in 82% of patients (514/628). The mean number of resuscitation events per year was 157. Twenty-one patients who had CPA and underwent subsequent brain MRI were identified. Three of them were excluded because neuroimaging was performed during a separate hospitalization or on an outpatient basis: MRI was performed 5 months after CPA to evaluate acute psychosis in 1 patient, 21 months after CPA to evaluate headache in 1 patient, and 3 years after CPA to evaluate intractable nausea and vomiting in 1 patient. Of 514 CPA survivors, 18 patients (3.5%) underwent MRI during the study period and comprised the group for our review.
The median age at the time of CPA was 62 years (IQR, 49-73 years). The median duration of resuscitation was 16 minutes (IQR, 11-19 minutes). Resuscitation variables and frequency of coexisting medical conditions for the entire group are listed in Table 1 . Hypertension (8/18 [44%] ) and diabetes mellitus (6/18 [33%]) were the most frequent comorbid conditions. In 3 patients, neuroimaging was performed after a generalized seizure necessitated airway management by the Code Blue team. One patient experienced CPA out-of-hospital; the rest of the CPAs occurred in-hospital. Two patients did not require endotracheal intubation as part of the resuscitative effort, and 1 other patient had pulseless ventricular tachycardia after intubation and anesthetic induction in preparation for combined carotid endarterectomy and aortic valve replacement. The rest of the patients required endotracheal intubation for respiratory support or airway protection. Inadequate chart documentation for 5 patients precluded assessment of GCS after CPA.
A DWI abnormality was noted in 9 (50%) of the 18 patients. The anatomic location of the DWI abnormality in each patient is listed in Table 2 . Two MRI studies (both with normal results) were performed in 1 patient after CPA, but all the other patients underwent only 1 study. The median code-to-scan time was 72 hours (IQR, 28-229 hours). An MRI study was performed within 24 hours after CPA in 3 patients (17%), within 24 to 72 hours in 6 (33%), and after more than 72 hours in 9 (50%). One patient, admitted with traumatic subarachnoid hemorrhage after a syncopal episode, required airway support after a generalized convulsion. Magnetic resonance imaging was performed 31 hours after ictus and revealed punctate DWI abnormalities along the insular cortex and ventral pons attributed to acute subarachnoid blood rather than to hypoxic-ischemic injury. A DWI abnormality was scored as "probable" in 2 patients and as "definite" in 7. Both patients with probable abnormalities had cerebellar involvement: one in conjunction with diffuse, definite cerebral cortical and thalamus-basal ganglia abnormalities and the other in isolation.
Among the 9 patients with DWI signal abnormalities, the cerebral cortex was most commonly involved (7 patients). Global cortical involvement was noted in 2 of them and regional abnormalities in the other 5. Figure 1 shows characteristic patterns of cortical DWI abnormality in 2 patients. In patients with global cortical involvement, a characteristic feature was a symmetric pattern of abnormality in the hemispheres. However, in patients with regional abnormalities, various patterns of symmetric and asymmetric areas of restricted diffusion were noted. The occipital lobe was affected in both patients who had symmetric regional abnormalities. One patient with asymmetric regional cortical involvement underwent DWI 72 hours after a generalized tonic-clonic seizure, and 2 patients had DWI changes consistent with territorial ischemic infarction. Four of the 9 patients with DWI abnormalities had involvement of more than 1 anatomic region. No patient experienced an adverse event or clinical decompensation in association with the MRI study.
The frequency of a DWI abnormality in relationship to code-to-scan time was as follows: 33% (1/3) scanned within 24 hours after CPA, 33% (2/6) scanned within 24 to 72 hours, and 67% (6/9) scanned after more than 72 hours. An isolated cortical abnormality was more frequently seen in the early period after CPA, and combined abnormalities of the cerebral cortex, thalamus-basal ganglia, and cerebellum were more frequently seen in scans obtained later after CPA. No white matter abnormalities were seen on scans performed less than 72 hours after CPA.
No demographic or resuscitation variable showed evidence of an imbalance between patients who had DWI abnormality and those who did not (Table 3) . Three of 5 patients with primary respiratory arrest had normal DWI findings. No statistically significant difference in the duration of code or code-to-scan time was noted between the 2 groups.
The independent assessments of the primary outcome measure by the 2 reviewers were in agreement for 14 (78%) of the 18 patients. There was an initial disagreement about the dichotomized neurologic outcome (good vs poor) for only 1 patient. A joint review of the 4 cases led to consensus after vague or incomplete chart documentation was clarified. At the time of discharge, good neurologic outcome was noted in 8 patients (44%) and poor neurologic outcome in the other 10 (56%). Of the 8 patients with good neurologic outcome, 4 achieved a CPC score of 1 (no cerebral disability), and the other 4 had a score of 2 (mild cerebral disability). Four patients returned to independent living at the time of discharge. Of the 10 patients with poor neurologic outcome, 8 (80%) died before hospital discharge. A greater proportion of patients (6/9 [67%]) with normal DWI findings had a good neurologic outcome at the time of discharge vs those (2/9 [22%]) with abnormal DWI findings. However, normal DWI findings were not associated with independence at the time of discharge (P=.58), with only 3 (33%) of the 9 patients achieving independence. Clinical factors previously shown to predict outcomes [7] [8] [9] were not statistically significant in our series. These results are summarized in Table 4 .
DISCUSSION
In a consecutive series of patients resuscitated after CPA, we found that brain MRI is performed infrequently (3.5% of patients). To our knowledge, utilization rates of brain MRI in patients surviving CPA have not been reported previously. Several factors likely contribute to our observation. Reports of MRI abnormalities after CPA are limited and their prognostic significance has not been studied extensively or defined clearly. 21 Also, many physicians are more familiar with use of the clinical examination and neurophysiologic variables for prognostication. In some instances, therapeutic nihilism may contribute to limited use of more expensive testing after CPA. The exact rationale for performing brain MRI in individual patients could not be determined by our retrospective chart review; however, the age, sex ratio, and preexisting medical conditions of our patients were similar to those reported for the largest existing registry of in-hospital adult cardiac arrest. 22 Although some element of selection bias cannot be excluded completely, our patients who underwent MRI appear similar to the larger number of patients in whom cardiopulmonary resuscitation leads to return of spontaneous circulation.
Diffuse and focal DWI abnormalities were seen after CPA. We observed no stereotyped pattern of DWI abnormality in patients who survived cardiopulmonary resuscitation. Cortical involvement was most common in patients who underwent MRI between 1 and 7 days after CPA. Evidence of cortical brain injury in patients with variable code-to-scan intervals and different mechanisms of CPA likely reflects the multitude of pathophysiologic factors that contribute to brain injury after CPA.
We observed a difference in neurologic outcomes between our study patients with normal DWI findings and ture of poor neurologic outcome after CPA. In some patients, the presence or absence of DWI abnormalities may confirm clinical indicators, but the technique could potentially prove most valuable in patients with equivocal or indeterminate clinical examination findings. One of our patients had a GCS score of 8 on the initial neurologic evaluation and normal DWI findings 39 hours after CPA and recovered completely. An aggressive management strategy may be pursued in patients who have normal DWI findings and minimal neurologic function on the initial clinical examination. The presence or absence of a DWI abnormality after resuscitation did not appear to depend on the timing of the MRI study after CPA. Although code-to-scan times varied for our patients, the median code-to-scan time did not differ significantly between patients with DWI abnormality and those without abnormality. According to a study of a small series, MRI abnormalities may evolve as patients are studied serially, 26 but we identified no patient who had serial MRI studies and thus cannot comment on this observation on the basis of our data. However, we did observe 1 patient who had restricted diffusion limited to the medial occipital cortex on images obtained 9 hours after CPA but had autopsy findings consistent with global cortical hypoxicischemic change. This suggests an evolution of cortical damage that could lead to serial changes in DWI findings over time. Further studies of patients who had serial neuroimaging at prespecified time intervals after CPA may lead to the discovery of a "high-yield" time window for assessing brain injury after CPA. those with DWI abnormalities. Good neurologic outcome was more frequent in those with normal DWI findings. Previous studies have focused on the importance of MRI abnormalities after CPA without addressing the prognostic value of normal imaging after a resuscitation event. Predictors of neurologic outcome after CPA, including clinical examination, 23 serum markers, 24 and neurophysiologic studies, 25 have proved more useful in identifying patients destined for poor outcomes than those with good outcomes. Three patients in our series with normal DWI findings and poor neurologic outcome had coexisting conditions that likely influenced the final neurologic status. Two of these 3 patients did not survive to hospital discharge: 1 had extensive traumatic subarachnoid hemorrhage and 1 had CPA after undergoing repeated orthotopic liver transplantation. The third patient had progressive paraneoplastic polyneuropathy, which accounted for substantial neurologic disability at the time of discharge.
No patient in our study who had global or symmetric regional cortical abnormalities survived to discharge. Similarly poor results for patients with diffuse cortical signal abnormalities on DWI were reported in a study of 10 comatose survivors of cardiac resuscitation.
14 If confirmed in a larger number of patients, a diffuse cortical pattern of DWI abnormality may be a radiographic signa-For personal use. Mass reproduce only with permission from Mayo Clinic Proceedings. For personal use. Mass reproduce only with permission from Mayo Clinic Proceedings.
The feasibility of performing MRI after CPA has been questioned. 27 According to one study, only one third of patients in a neurologic intensive care unit were stable enough to tolerate transport to the MRI suite.
14 We identified no patients for whom a requested MRI was not completed because of technical issues or safety concerns. Unless patients have unstable cardiac rhythms, they can be transported safely to radiology with monitoring and nursing surveillance. Early after CPA, intubation and sedation frequently minimize concern about airway protection and movement artifact during imaging. Focused DWI protocols that use ultrafast echoplanar techniques may allow rapid acquisition (<30 seconds) of sequences with prognostic value without compromising patient safety.
If MRI is to become an established modality for assessing neurologic outcome after CPA, potential technical pitfalls need to be addressed. As other authors have described, varying image contrast and brightness may influence appreciation of global DWI abnormalities. 18 At our institution, use of a picture archive computer system for interpretation of MRI studies allows image contrast and brightness to be adjusted to appreciate abnormalities in cases of widespread diffusion restriction. Diffusion-weighted imaging abnormalities that have been described after subarachnoid hemorrhage and status epilepticus may potentially confound the interpretation of images. 28, 29 A careful history and ascertainment of facts surrounding CPA should help limit the effect of these factors in the interpretation of DWI abnormalities.
Limitations inherent in a retrospective chart review were encountered in our study. Important details of the neurologic examination were not available for all patients. The neurologic examination performed on some patients was not standardized, and reported findings were subject to interobserver variability. Findings on DWI correlated with outcome measured at the time of discharge; however, no neurologic or neuropsychiatric evaluations were completed after discharge. This precludes insight into the predictive value of MRI on long-term neurologic outcome. The retrospective design did not allow for uniform code-to-scan times for all patients. Furthermore, scans were performed on 2 clinical scanners from different manufacturers. Ideally, future studies of DWI in hypoxicischemic injury will be performed on a single scanner using a standardized DWI protocol. Because of the small sample size, the power to detect subtle differences between groups was lacking.
As the population ages and resuscitation techniques improve, the health care system will increasingly be expected to assess and manage survivors of both out-of-hospital and in-hospital CPA. Currently, evidence-based management recommendations are scarce, 30 but with rigorous study of promising new techniques, practice may become more scientifically grounded. The neurologic examination techniques currently used to assess prognosis after CPA are the same ones that have been used for more than a generation and have been correlated to only a limited degree with brain MRI findings. As therapeutic trials that are tailored to minimize the neurologic sequelae of hypoxic-ischemic brain injury continue to emerge, 31, 32 techniques for grading or staging hypoxic-ischemic injury will become important. Neuroimaging techniques with MRI will continue to evolve. They offer the potential to complement examination-based predictions of outcome and may help to select target populations most likely to benefit from treatment strategies.
CONCLUSION
During a 4-year period at our institution, MRI was performed rarely in patients who survived CPA. Global and symmetric regional cortical abnormalities were commonly observed in those with MRI abnormalities. In our limited sample size, a greater proportion of patients with normal DWI findings had a good neurologic outcome at the time of hospital discharge vs those with abnormal DWI. Prospective studies of early and serial MRI (with DWI) are needed to confirm this association and to clarify the prognostic utility of these imaging studies.
